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representations are generated by performing discrete trans-
forms on the regions so as to obtain discrete-transform coef-
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cients to create data streams, and converting the data streams
to decimal numbers. In one embodiment, the first and second
images depict periocular facial regions, and the disclosed
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small portion of a person’s face is captured in an image.
Subspace modeling may be used to improve accuracy.
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IMAGE MATCHING USING
SUBSPACE-BASED DISCRETE TRANSFORM
ENCODED LLOCAL BINARY PATTERNS

RELATED APPLICATION DATA

This application claims the benefit of priority of U.S. Pro-
visional Patent Application Ser. No. 61/744,436, filed Sep.
26, 2012, and titled “Discrete Transform Encoded Local
Binary Patterns As Feature Descriptors”, which is incorpo-
rated by reference herein in its entirety.

STATEMENT OF GOVERNMENT INTEREST

Subject matter of this disclosure was made with govern-
ment support under Army Research Office grants DAAD19-
02-1-0389 and W911NF-09-1-0273. The government may
have certain rights in this subject matter.

FIELD OF THE INVENTION

The present invention generally relates to the field of image
processing. In particular, the present invention is directed to
image matching using subspace-based discrete transform
encoded local binary patterns.

BACKGROUND

Face recognition is one of the most difficult and challeng-
ing tasks in computer vision, partly because of large varia-
tions in human faces; this is particularly true when only a
portion of a face is available for analysis. Researchers have
been developing technologies for face recognition based on
partial-face images due to the demands of many real-world
operating scenarios that require accurate, efficient, uncoop-
erative, and cost-effective solutions. Some of these technolo-
gies identify local binary patterns (LBP) in raw pixel inten-
sities but nonetheless fail to achieve accurate, efficient,
uncooperative, and cost-effective solutions, largely due to the
minimal amount of useful data that can be provided by a
partial-face image.

To achieve an accurate, efficient, uncooperative, and cost-
effective solution to the problem of face recognition in situ-
ations where only a portion of a face is available for analysis,
it becomes necessary to extract as much unique information
as possible from each image in question and to use such
information in an exhaustive comparison. However, these
methods are known to be computationally expensive and may
require special tweaking in order to generate meaningful
results. More accurate and efficient face recognition methods
are desired in numerous applications, which demand near
real-time computation and do not require user cooperation.
Applications include automated face recognition in surveil-
lance images and access control, among others.

SUMMARY OF THE DISCLOSURE

It is understood that the scope of the present invention is
limited to the scope provided by the independent claims, and
it is also understood that the scope of the present invention is
not limited to: (i) the dependent claims, (ii) the detailed
description of the non-limiting embodiments, (iii) the sum-
mary, (iv) the abstract, and/or (v) description provided out-
side of this document (that is, outside of the instant applica-
tion as filed, as prosecuted, and/or as granted).

In one implementation, the present disclosure is directed to
a method of matching first features of first image data with
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2

second features of second image data. The method includes
receiving, by a feature-matching system, the first image data;
applying, by the feature-matching system, a discrete trans-
form to a region of the first image data containing the first
features so as to generate a first set of transform coefficients;
executing, by the feature-matching system, a local binary
pattern (LBP) encoding algorithm to encode the first set of
transform coefficients into a set of first encoded data streams;
converting, by the feature-matching system, each of the first
encoded data streams into a decimal number so as to create a
first decimal-number representation of the region of the first
image data; and executing, by the feature-matching system, a
matching algorithm for determining a match as a function of
the first decimal number representation and a second decimal
representation of a region of the second image data containing
the second features.

In another implementation, the present disclosure is
directed to a machine-readable storage medium containing
machine-executable instructions for performing a method of
matching first features of first image data with second fea-
tures of second image data. The machine-executable instruc-
tions include a first set of machine-executable instructions for
receiving the first image data; a second set of machine-ex-
ecutable instructions for applying a discrete transform to a
region of the first image data containing the first features so as
to generate a first set of transform coefficients; a third set of
machine-executable instructions for executing a local binary
pattern (LBP) encoding algorithm to encode the first set of
transform coefficients into a set of first encoded data streams;
a fourth set of machine-executable instructions for converting
each of the first encoded data streams into a decimal number
s0 as to create a first decimal-number representation of the
region of the first image data; and a fifth set of machine-
executable instructions for executing a matching algorithm
for determining a match as a function of the first decimal
number representation and a second decimal representation
of a region of the second image data containing the second
features.

These and other aspects and features of non-limiting
embodiments of the present invention will become apparent
to those skilled in the art upon review of the following
description of specific non-limiting embodiments of the
invention in conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

For the purpose of illustrating the invention, the drawings
show aspects of one or more embodiments of the invention.
However, it should be understood that the present invention is
not limited to the precise arrangements and instrumentalities
shown in the drawings, wherein:

FIG. 1 is a flow diagram illustrating a method of matching
first features of first image data with second features of sec-
ond image data;

FIG. 2 is a high-level block diagram of a feature-matching
system made in accordance with the present disclosure;

FIG. 3 illustrates potential basis images associated with
coefficients that can be generated by executing a discrete
transform on individual regions of an image;

FIGS. 4A-F illustrate alternative LBP encoding schemes;

FIG. 5 is a flow diagram illustrating a method of generating
a decimal-number representation of a region of image data;

FIG. 6 illustrates periocular images processed with various
discrete transforms and three different kernel sizes; and

FIG. 7 is a diagram illustrating a machine that can imple-
ment methods of the present disclosure and/or various por-
tions of such methods.



US 9,171,226 B2

3

The drawings are not necessarily to scale and may be
illustrated by phantom lines, diagrammatic representations
and fragmentary views. In certain instances, details that are
not necessary for an understanding of the embodiments or
that render other details difficult to perceive may have been
omitted.

DETAILED DESCRIPTION

At a high level, aspects of the present disclosure are
directed to methods and software that include steps and/or
machine-readable instructions for matching features, such as
surface texture, change in structure, etc., of first image data
(e.g., a digital or digitized photograph or other visual image)
with like features of second image data. The present inventors
have discovered that verification rates for feature-matching of
images is greatly improved by not only performing a discrete
transform on the portions of the first and second images
(image data) being compared, but also by converting local
binary pattern (LBP) data to decimal numbers prior to per-
forming any matching algorithm. As will be appreciated by
those skilled in the art after reading this entire disclosure, the
methodologies disclosed herein can be used to accurately
perform virtually any sort of image matching, including facial
recognition. As an example, methodologies presented herein
are particularly useful when only a portion of a face, such as
a the periocular region or portion thereof, is available for
matching.

Referring now to the drawings, FIG. 1 illustrates an exem-
plary method 100 of matching first features of first image data
with second features of second image data. At step 105, first
image data is received by a feature-matching system, which
may be any one or computing devices that generally are: 1)
programmed with instructions for performing steps of a
method of the present disclosure; 2) capable of receiving
and/or storing data necessary to execute such steps; and 3)
capable of providing any user interface that may be needed
for a user to interact with the system, including setting the
system up for a matching session and viewing matching
results, among other things. Those skilled in the art will
readily appreciate that a feature-matching system of the
present disclosure can range from a self-contained device,
such as a smartphone, tablet computer, laptop computer,
desktop computer, sever, web-server, to a network of two or
more of any of these devices. Fundamentally, there is not
limitation on the physical construct of the feature-matching
system, as long as it can provided the features and function-
ality described herein. FIGS. 2 and 7, described more fully
below, illustrate exemplary systems 200, 700 that can be used
to implement various steps of method 100 or any other
method incorporating features/functionality  disclosed
herein. For example, method 100 may be performed by a
feature-matching system 200 that may receive image data 204
and generate a recognized match 208.

Typically, the first image data received at step 105 repre-
sents an image of one or more persons or objects suspected or
at least hoped to be present in at least one other image for
which image data, such as the second image data mentioned
above. In the context of human identification, for example,
facial recognition, the first image data contains an image of an
unidentified person, and the second image data represents an
image of an identified person, and the hope is to be able to
match the unidentified person with the identified person.
Those skilled in the art will readily appreciate that such
matching of an identified person typically involves matching
the image data for the unidentified person with many (e.g.,
hundreds, thousands, or more) sets of image data correspond-
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ing to many identified persons. Those skilled in the art will
readily appreciate that the image data will typically be uti-
lized by method 100 in the form of a digital image contained
in a suitable image file, such as a JPG file, a GIF file, a PNG
file, a TIF, or a RAW file, among others. Consequently, the
term “image” and like terms as used herein refer not only to a
print image, an electronically rendered image, etc., butalso to
the image-defining content of 1) a digital image file, 2) a
signal, 3) a digital memory, or 4) other medium containing
that information. Step 105 may be performed by feature-
matching system 200 of FIG. 2. It is important to note that
although image data 204 is represented outside of feature-
matching system 200 in FIG. 2, image data 204 may be stored
in feature-matching system using an appropriate computer
storage system (see, e.g., FIG. 7). Image data 204 may be
received from a database, through the Internet, from a secu-
rity camera, and/or in any other manner known in the art to be
suitable for providing image data, and any combination
thereof.

At step 110, a discrete transform is applied to one or more
regions of interest of the first image data. The region(s) of
interest are the one or more regions of the image containing
first features that are desired or at least suspected to effect a
match with like features in the second image. It is noted that
a region of interest may be an entire image or a portion
thereof. In the context of periocular-based facial recognition,
the first features may include eyebrows, eye folds, and eyelid
contours, among others, or a portion or portions of each.
Fundamentally, there is no limitation on the nature and char-
acter of the features than can be used as the first features, so
long as they are features present or suspected to be present in
each of the images, such as the second image, against which
the first image data will be compared with a goal of generating
a positive match. Step 110 may be performed by a discrete
transform algorithm 212 of feature-matching system 200;
such an algorithm 212 may include various discrete transform
algorithms, specifications, etc.

FIG. 3 illustrates two examples of applying a discrete
transform to a region of interest, here a periocular region 300
of a human face. In the left-hand-side (relative to FIG. 3)
example, region 300 is analyzed in 3x3 patches, one of which,
i.e., patch 304, is shown. In an exemplary embodiment, over-
lapping patches are analyzed separately in order to extract as
much information as possible, though non-overlapping
patches may be used to reduce computational expense. In
discrete-transformation step 110, transform coefficients (not
shown) for all of the patches of region 300 are generated using
a 3x3 matrix of basis images 308, each of which corresponds
to a 3x3 set of pixel values. Whereas the left-hand-side
example uses 3x3 sets, the right-hand-side example uses 5x5
sets. That is: image patch 312 is a 5x5 patch of pixels; a 5x5
matrix of transform-basis images (collectively, 316) is used;
and each basis image represents a 5x5 pixel area. A result of
performing the discrete transform at step 110 is the genera-
tion of a first set of transform coefficients representing the
region(s) of interest within the first image data, the first set of
transform coefficients comprising each set of transform coef-
ficients generated from each corresponding patch.

Any of various discrete transforms can be judiciously cho-
sen in order to improve accuracy, depending on image quality
or other factors. For example, in one embodiment, a Walsh-
Hadamard transform may be used. Local image characteris-
tics can be captured by convolution filters such as Walsh
masks. The Walsh functions may be used to construct a com-
plete and orthonormal basis in terms of which any matrix of a
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certain size may be expanded. In an embodiment, Walsh
masks may be used to approximate the Walsh-Hadamard
transform.

The Walsh matrices consist of two binary patterns, 1s and
-1s. Depending on kernel size, those two patterns can be used
to represent the local structure of an image. If a 5x5 kernel
window is to be considered “local,” the Walsh filters used
must correspond to the 5-sample-long discrete versions of the
Walsh function. Each set of these filters expands the 5x5
image patch in terms of a complete basis of elementary
images. The Walsh function is shown in Equation 1, wherein

means the integer part of j/2, q is either O or 1.

. 4
Wajea0 = (<D w00 5 ClPowye -1y PR D

Following expansion, each function can be sampled at the
integer points only so as to produce five vectors each consist-
ing of five values. Any combination of Walsh vectors can be
used to produce basis images. As illustrated in FIG. 3, there
are nine possible patterns using a 3x3 patch and 25 possible
patterns using a 5x5 patch. In one embodiment, animage may
be expanded in terms of Walsh elementary functions of even
size according to Equation 2. In this case, the transform
matrix, W, the input image neighborhood, f, and the output
transform, g, are all of the same size, NxN (N being an even
number). An even size transformation matrix constructed
from Walsh functions is orthogonal, thus its inverse is its
transpose.

g=wFwt (Equation 2)

Odd-sized Walsh vectors yield an odd-sized Walsh trans-
formation matrix; such a matrix is no longer orthogonal. In
orderto invert Equation 2, the inverse of W can be used, which
results in Equation 3.

w-lg(wh-t=f (Equation 3)

As such, the inverse of the matrix W can be used to process

the image according to Equation 4.
=y

Alternatively or additionally, a discrete cosine transform
may be used. In this case, a discrete cosine transform is
applied on each NxN patch in the original image to generate
NZ coefficients corresponding to N2 basis images. The source
patch is transformed to a linear combination of these N basis
images, which are the combination of horizontal and vertical
frequencies as shown in Equation 5.

(Equation 4)

My-1 Mp-1

Xighy = Z

m =0 my=0

(Equation 5)

Xy my X

[l e e+ 3]
cosﬁlml 3 1005Em2 5 e

Further alternatively or additionally, a discrete Fourier
transform may be used. A two-dimensional discrete Fourier
transform of an input image f(x,y) is commonly defined by
Equation 6, wherein u=0, 1, M-1, and v=0, 1, N-1.
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1 MZ—:I qu ) (Equation 6)
Flu, v) = — Slx, e PN
VMN 32 %

Image processing using a two-dimensional discrete Fou-
rier transform would result in complex coefficients and both
magnitude and phase of the coefficients can be useful for
image reconstruction. Because magnitude determines the
contribution of each component while phase determines
which components are present, phase may be more important
in the context of image reconstruction using the inverse dis-
crete Fourier transform. However, in some situations, the
magnitude components themselves may be sufficient to sat-
isfy desired intra-coefficient spatial characteristics.

Yet further alternatively or additionally, a discrete Hartley
transform may be used. The discrete Hartley transform is a
real-valued transform which produces real output for a real
input and possesses the formula for its own inverse. In one
embodiment, a rounded Hartley transform may be used,
which is a transform with zero multiplicative complexity. The
rounded Hartley transform therefore has computational
advantages over the discrete Hartley transform. The spectrum
derived from the rounded Hartley transform is a good estima-
tion of a true Hartley spectrum and therefore can be used to
estimate the discrete Hartley transform. The definition and
the philosophy behind the rounded Hartley transform can be
explained as follows: let v be an n-dimensional vector with
real elements. The discrete Hartley transform establishes a
pair of signal vectors

H
ve—V

wherein the elements of V are defined according to Equation

7, in which cas(e)é cos (0)+sin (0)

n—1

2rik
75 jcas| — |, k=0, 1, ...
@ veas( 2= ) k=0,

i=0

(Equation 7)
,n—1

This transform leads to the definition of Hartley matrix, H,
whose elements are of the form

2rik
iy = cas(—].
n

The rounded Hartley matrix can be obtained by rounding off
elements of the Hartley matrix. Thus the rounded Hartley
matrix elements h,, are defined according to Equation 8,
wherein the square brackets are used to denote the round-off
function.

(Equation 8)

The original two-dimensional discrete Hartley transform
of an NxN image A is defined according to Equation 9,
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wherein a,; are the elements of an image A and b, , are the
elements of the Hartley transform of A.
el n-l (Equation 9)
= Z a; Jcas(m * VJ)

i=0 j=0

In order to determine the rounded Hartley transform, a
temporary matrix T can be calculated according to the equa-
tion T=FI -A-fI , where [1 is the rounded Hartley matrix of
order n. This is equivalent to taking a one-dimensional dis-
crete Hartley transform of the rows and then transforming the
columns. Establishing that the elements of T are represented
inthe formt, ; for (i, j=0, 1, . . ., n-1), three new matrices can
be generated from the temporary matrix T: T, T, and T¢",
whose elements are ft,, Simod wy Vitmod m, and
Crimod w), n-jomod ny) respectrvely. As a result, the rounded
Hartley transform of an nxn image can be determined using
Equation 10.

A
RHT™ T+TO+TO-T (Equation 10)

Still further alternatively or additionally, a discrete Leg-
endre polynomial transform may be used. Legendre polyno-
mials, also called Legendre functions, are solutions of the
Legendre differential equation of Equation 11.

d o d (Equation 11)
— (1 =x)—P,(x) |+ n(n+ )P, (x) =
dx dx

The Legendre differential equation can be solved using a
standard power series method. The solutions form a polyno-
mial sequence: the Legendre polynomials. The two-dimen-
sional Legendre polynomial transform (Legendre moments)
of an image intensity function f(x, y) is defined according to
Equation 12.

1 J .
A = w f f PuiPa0 fx, dxdy  duation12)
“1J-1

However, the region of definition of a Legendre polyno-
mial is the interior of the unit circle, so any rectangular image
will have to be scaled to the region —1<x, y<1. For a rectangle
of size MxN, the Legendre polynomial transform can be
determined according to Equation 13.

2m+ D2+ 1)
4MN
pm(

»=0

Equation 13
A, = (Equation 13)

E

-1 N-1

Y
]Pn(—l + N

- l]f(x, »)

i
=3

x

Yet still further alternatively or additionally, a discrete
Chebyshev polynomial transform may be used. Chebyshev
polynomials are solutions to the Chebyshev differential equa-
tions, included herein as Equations 14 and 15, for the poly-
nomials of the first and second kind respectively.

4y y (Equation 14)
(1—x)——xd +ny 0
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-continued

) dy (Equation 15)
(1 -x )— —3x— +nn+2)y=0

In some implementations, such as image processing, Che-
byshev polynomials of the first kind may be more important
than the second kind; as such, it may be preferable to use the
first kind. An explicit representation of Chebyshev polyno-
mials is given in Equation 16. The discrete Chebyshev poly-
nomial transform for a rectangular image of size MxN can be
determined according to Equation 17.

1n/2] (Equation 16)

(k- 72k
T(x) = ZZ( D e Zk),(Zx)
M-1 N-1 (Equation 17)
— Tw(X)T, ,
T = o M)g(q Opaps OT,f (%, y)

Yet still even further alternatively or additionally, a discrete
Hermite polynomial transform may be used. The Hermite
polynomials are solutions to Equation 18, where A is a con-
stant with the boundary conditions that u be bounded poly-
nomially at infinity.

(Equation 18)

By solving Equation 17, the Hermite polynomial transform
for rectangular images of size MxN can be determined
according to Equation 19, wherein a is the standard deviation
of the Gaussian function.

M-1 N-1 (Equation 19)

H,

22

Tipg

=0 y=0

A discrete Laguerre polynomial transform may also be
alternatively or additionally used. The generalized Laguerre
polynomials are solutions of the generalized Laguerre’s
equation, included herein as Equation 20, and can be
expressed by the Rodrigues’ formula, included herein as
Equation 21.

d*y (Equation 20)
XW+(01+1—X)—+I’L_)1 0

-1 Equation 21

L) = (2+ = ]L“”l - (1 + —)L“”z( ) (Bquation 21)

Using Equations 20 and 21, the Laguerre polynomial trans-
form can be derived for rectangular images of size MxN and,
as such, can be determined according to Equation 22, wherein
p(p. MI-Z, 6" e (L, “(x)}>.

M-1 N-1

—X aLa La .
p(p, Mp(g, N) M)p(q MLyt PRLES X, )

y=0

{pg =
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(Equation 22)

At step 115, an LBP encoding algorithm is executed to
encode the first set of transform coefficients into a first
encoded data stream. Though in this case LBP encoding is
applied to coefficients resulting from a discrete transform, the
LBP encoding itself can be performed similarly to typical
LBP encoding schemes. Typically, LBP encoding involves
comparing a value (intensity in the context of traditional LBP
encoding) associated with a central pixel, or pivot or thresh-
olding point, to corresponding values (again, intensity in
traditional LBP encoding) of neighboring pixels and gener-
ating an encoded data stream corresponding to the compari-
sons based on an ordering scheme (typically, a “1” is added to
the encoded data stream if a pixel has a higher intensity value
than the thresholding point, while a “0” is added to the stream
if a pixel has a lower intensity value than the thresholding
point). Similar LBP-encoding techniques can be used on the
discrete-transformation coefficients instead of the pixel
intensities. Step 115 may be performed by an LBP encoding
algorithm 216 of feature-matching system 200. Exemplary
LBP encoding schemes are illustrated in FIGS. 4 A-4F, which
illustrate two different thresholding-point selections and
exemplary ordering schemes. FIGS. 4A and 4D illustrate
matrices of data (higher values are illustrated with lighter
colors) with different thresholding points (labeled “C”).
FIGS. 4B, 4C, 4E, and 4F illustrate different ordering
schemes for implementing L.BP encoding. It is noted that in
each of FIGS. 4B, 4C, 4E, and 4F the thresholding point is the
empty box in the grid. In FIG. 4B, the LBP analysis begins
with the discrete-transform coefficient value to the left of the
thresholding point and moves counter-clockwise through the
neighboring values, which generates a data stream of
“000011017; in FIG. 4C, the LBP analysis also begins with
the discrete-transform value to the left of the thresholding
point but moves clockwise through the neighboring values,
which generates a data stream 0of “01011000”. In FIG. 4E, the
LBP analysis begins with the discrete-transform value to the
left of the thresholding point and moves counter-clockwise
through the neighboring values, which generates a data
stream of “11111011;” in FIG. 4F, the LBP analysis begins
with the discrete-transform value to the right of the thresh-
olding point and moves clockwise through the neighboring
values, which generates a data stream of “11111110”. In the
context of the present disclosure, the LBP encoding algorithm
may, for example, assign coefficients to individual squares in
a grid, identify one coefficient as a thresholding point, and
compare that coefficient to coefficient values associated with
neighboring basis images, which, as such, in an exemplary
embodiment, would have been assigned to neighboring
squares in the grid, in order to generate a first encoded data
stream for each image patch. In alternative embodiments, the
grid may be implemented with subcomponents having non-
square shapes (not shown), such as circles, sectors or portions
of sectors, or triangles, among others.

Various modifications to typical LBP encoding schemes
can be made in order to improve accuracy. For example, LBP
may analyze coefficients in groups of nine (3x3 coefficients),
groups of twenty-five (5x5 coefficients), or groups of any
other size. Further, the number of neighboring coefficients to
be used in the process of performing LLBP can be limited,
either by setting a particular limit value or by choosing only
neighbors according to some selection scheme for compari-
son. Such a selection scheme may include choosing neigh-
bors only at certain angles and/or at or within a certain radius.
As another example, uniform L.BP, which constrains that a bit
transition happens at most twice in a binary pattern, may not
be as useful in the context of the discrete transform coefficient
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space due to the fact that it is typically less smooth than the
image intensity space; as such, non-uniform LBP may be
used. Moreover, frequent transition is considered an asset in
the context of LBP encoding because, for a given threshold-
ing point, more transitions in the binary code generated
through LBP can indicate that the thresholding point has been
chosen such that coefficients greater than and less than the
thresholding value are balanced.

As indicated by FIGS. 4A-4F, thresholding point and
ordering scheme can be judiciously chosen in order to gen-
erate more meaningful data streams and, correspondingly,
more accurate results, such as by using a non-central and/or
varying thresholding center and/or by using a varying order-
ing scheme. In some implementations, multiple ordering
schemes and/or thresholding centers may be used and com-
bined and/or analyzed in to improve accuracy. In some
embodiments, optimal ordering may be determined by ana-
lyzing permutations of possible ordering schemes in the con-
text of a crossover and mutation genetic algorithm. By per-
mutating each generation of the possible ordering schemes, a
fitness function can be derived and used to determine an
optimal ordering by analyzing verification performance on a
subset of a “training” data set. Though LBP is shown in FIGS.
4B-C and 4E-F as being implemented on a square neighbor-
hood of coefficients surrounding the thresholding point, in
some implementations, accuracy may be improved by using a
circular neighborhood of coefficients. This may be accom-
plished by interpolating the coefficients whenever a sampling
point is, for example, offset from the center of a coefficient’s
location in the grid. In cases where coefficients are lacking
one or more neighboring coefficients, such as in the case of a
“top-left” coefficient in a coefficient matrix, the missing
neighbors may be treated as having a constant value, such as
zero, may be ignored by the LBP algorithm, or may be filled
in in a “wrap-around” nature such that a “bottom-left” coet-
ficient in the coefficient matrix would be considered “above”
a “top-left' coefficient and a “top-right” coefficient” would be
considered to be located “left” of the “top-left” coefficient.
Additionally or alternatively, coefficients associated with
other patches and, as such, contained in other grids, could be
used in the LBP analysis of a given patch; for example, the
LBP algorithm may consider a “left-top” coefficient in a grid
for a given patch to be to the “right” of a “right-top” coeffi-
cient associated with the patch immediately to the left of the
given patch.

Referring again to FIG. 1, at step 120 each of the first
encoded data streams generated from each patch is converted
into a decimal number so as to create a first decimal-number
representation of the region(s) of the first image data com-
prising the decimal numbers converted from each of the first
encoded data streams. The decimal numbers converted from
each of the first encoded data streams may be assigned to or
associated with the center pixel of each patch. In alternative
embodiments, the decimal numbers may be assigned to or
associated with any other pixel within the patch, such as a
pixel located within a patch at a corresponding location to the
thresholding point used in LBP for each grid corresponding to
each individual patch (i.e., if the thresholding point corre-
sponds to a coefficient located in row 2, column 2 of a grid,
then the corresponding pixel would be located in row 2,
column 2 of the patch associated with that grid). For example,
through base-2 conversion, a data stream of “11111110” can
be converted to a decimal value of “254”, though other integer
(e.g., 3,4, etc.) or fractional (e.g., 1.5, 0.87, etc.) bases may be
used. By unleashing the traditional restriction to only base 2,
much more diversity of LBP encoding can be achieved. Step
120 may be performed by a decimal conversion algorithm
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220 of feature-matching system 200; such an algorithm 220
may include various conversion schemes having different
bases for conversion.

A visual depiction of data generated through the transform,
LBP, and decimal conversion steps is provided in FIG. 6,
which illustrates a periocular image 600 and corresponding
processed images 604 generated through the use of various
discrete transforms and three different kernel sizes (i.e., i=3,
5, and 7) each. Individual pixel values in processed images
604 correspond to the decimal number representations
assigned to the central pixel of each patch. In order to depict
these decimal number representations visually, the decimal
numbers are scaled such that the different values can be
represented in greyscale. The decimal numbers are not nec-
essarily scaled for the purposes of performing method 100,
though such scaled versions of the decimal numbers could
also or alternatively be used. In other words, the data repre-
sented by processed images 604 is used for the purposes of
performing method 100, not necessarily processed images
604 per se or the scaled versions of the decimal numbers used
to create processed images 604, though such processed
images 604 or scaled versions of the decimal numbers used to
implement them could be also or alternatively be used.

At step 125, a matching algorithm is executed for compar-
ing the first decimal-number representation to a second deci-
mal-number representation of one or more region(s) of the
second image data. As alluded to above, the second image
data may reside in a pre-assembled database of images of
known subjects (e.g., persons) to which the first image data is
being compared so as to identify the unknown subject of the
first image data. It is noted that the feature-matching system
that generates the first decimal-number representation need
not necessarily generate the second decimal-number repre-
sentation of the second image data. For example, the images
in the pre-assembled database may have already been “pre-
processed” such that the data in the database are already
decimal-number representations. This may be so in embodi-
ments in which a discrete-transform-based decimal-number
representation scheme has become a standard, such that when
each image is added to the database, a decimal-number rep-
resentation is automatically generated as part of the storing
process. However, in other examples in which the individual
images within a database of comparison images have not been
subjected to discrete transformation processing, LBP encod-
ing, and decimal-number representation processing, feature-
matching system 200 may perform these steps on the second
image data, either singly as needed or as part of a larger step
of'processing some of all ofthe images in the database to have
the requisite decimal-number representation format. As with
the first image data, such second image data may be prepro-
cessed to account for illumination or other image defects or
abnormalities. Step 125 may be performed by a matching
algorithm 224 of feature-matching system 200; such an algo-
rithm 224 may include various alternative and/or combined
matching algorithms. For example, a match may be provided
in the form of a single image or image indicator (such as a
filename or hash code), which may optionally be provided
with a corresponding confidence factor indicating an amount
of correlation between the source and match images. Alter-
natively, a match may be provided in the form of a set of
images or image indicators, each of which may be provided
with corresponding confidence factors. Methods of calculat-
ing confidence intervals and the like are well known in the art
and, accordingly, will not be described in detail. It is impor-
tant to note that although match 208 is represented outside of
feature-matching system 200 in FIG. 2, match 208 may be
stored in feature-matching system using an appropriate com-
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puter storage system (see, e.g., FIG. 7). Match 208 may be
transmitted to a database, through the Internet, to a security
system, and/or in any other manner known in the art to be
suitable for providing image recognition results.

For the sake of completeness, FIG. 5 illustrates an exem-
plary method 500 of generating a decimal-number represen-
tation of one or more regions of the second image data. As can
be readily seen, steps 505 to 520 are performed in substan-
tially the same way as corresponding respective steps 105 to
120 of FIG. 1 and, so, will not be described in detail. It is noted
that whatever discrete transform is implemented for the pro-
cessing of the first image data, the same discrete transform
should be used for processing the second image data, though
two or more different discrete transforms could be used
simultaneously to improve accuracy. Likewise, the particular
LBP-encoding algorithm and the same decimal-number con-
verting scheme should be used as between the first image data
and the second image data, though two or more different
LBP-encoding algorithms and/or decimal-number convert-
ing schemes could be used simultaneously to improve accu-
racy. By comparing decimal number representations gener-
ated in the manner described above for differing images,
accurate feature matching can be performed. Decimal num-
ber representations can be compared on a one-to-one basis
between images or, if a database of “training” images is
available, subspace modeling can be performed in order to
improve accuracy.

Any of various subspace modeling techniques can be judi-
ciously chosen and applied to improve accuracy, including
principle component analysis (PCA), unsupervised discrimi-
nant projection (UDP), kernel class-dependence feature
analysis (KCFA), and kernel discriminant analysis (KDA),
among others. For example, if PCA is used, the covariance
matrix of the vectorized input data with zero mean is com-
puted; as such, PCA will determine the projection direction
that maximizes the variance and can be solved by finding the
eigenvalues of the covariance matrix. Alternatively or addi-
tionally, a UDP may be used, which is an unsupervised clas-
sification method where training labels are not taken into
account and which has the ability to comprise both local and
non-local information.

Further alternatively or additionally, KCFA may be used,
which is designed to overcome the potential difficulties pre-
sented by nonlinear distortions in human face appearance
variations. KFCA can be implemented to represent nonlinear
features by mapping into a higher dimensional feature space
which allows higher order correlations in kernel spaces. In
KFCA, features in the higher dimensional space are obtained
by using inner products of the linear space without actually
forming the higher dimensional feature mappings. This ker-
nel trick improves efficiency and keeps the computation trac-
table even with the high dimensionality. Examples are kernel
eigenfaces and kernel Fisherfaces. The mapping function can

be denoted as: ®:RY —F. Kernel functions are defined
according to Equation 23, which can be used without having
to form the mapping ®(x) as long as kernels form an inner
product and satisfy Mercer’s theorem.

Kxy)=(@x),2()

The correlation filter is applied to a test image in order to
produce a correlation output. In some scenarios, it may be
sufficient to calculate only inner products to produce corre-
lation output; this can save significant computational
expense.

(Equation 23)
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Still further alternatively or additionally, KDA may be
used, which extends linear discriminant analysis nonlinearly.
As is known in the art, KDA can be implemented through
generalized eigen analysis.

FIG. 7 shows a diagrammatic representation of one
embodiment of a computer in the exemplary form of a com-
puter system 700 that contains a set of instructions for imple-
menting any one or more of the aspects and/or methodologies
of'the present disclosure, including implementing system 200
and any ofthe methods of the present disclosure, or portion(s)
thereof, such as either of methods 100 and 500 of FIGS. 1 and
5, respectively, or any portion(s) thereof. Computer system
700 includes a processor 704 and a memory 708 that com-
municate with each other, and with other components, via a
bus 712. Bus 712 may include any of several types of bus
structures including, but not limited to, a memory bus, a
memory controller, a peripheral bus, a local bus, and any
combinations thereof, using any of a variety of bus architec-
tures.

Memory 708 may include various components (e.g.,
machine readable media) including, but not limited to, a
random access memory component (e.g., a static RAM
“SRAM”, a dynamic RAM “DRAM?”, etc.), a read only com-
ponent, and any combinations thereof. In one example, a
basic input/output system 716 (BIOS), including basic rou-
tines that help to transfer information between elements
within computer system 700, such as during start-up, may be
stored in memory 708. Memory 708 may also include (e.g.,
stored on one or more machine-readable storage media)
instructions (e.g., software) 720 embodying any one or more
of'the aspects and/or methodologies of the present disclosure.
In another example, memory 708 may further include any
number of program modules including, but not limited to, an
operating system, one or more application programs, other
program modules, program data, and any combinations
thereof.

Computer system 700 may also include a storage device
724. Examples of a storage device (e.g., storage device 724)
include, but are not limited to, a hard disk drive for reading
from and/or writing to a hard disk, a magnetic disk drive for
reading from and/or writing to a removable magnetic disk, an
optical disk drive for reading from and/or writing to an optical
medium (e.g., a CD, a DVD, etc.), a solid-state memory
device, and any combinations thereof. Storage device 724
may be connected to bus 712 by an appropriate interface (not
shown). Example interfaces include, but are not limited to,
SCSI, advanced technology attachment (ATA), serial ATA,
universal serial bus (USB), IEEE 1394 (FIREWIRE), and any
combinations thereof. In one example, storage device 724 (or
one or more components thereof) may be removably inter-
faced with computer system 700 (e.g., via an external port
connector (not shown)). Particularly, storage device 724 and
an associated machine-readable storage medium 728 may
provide nonvolatile and/or volatile storage of machine-read-
able instructions, data structures, program modules, and/or
other data for computer system 700. In one example, software
720 may reside, completely or partially, within machine-
readable storage medium 728. In another example, software
720 may reside, completely or partially, within processor 704.
It is noted that the term “machine-readable storage medium”
does not include signals present on one or more carrier waves.

Computer system 700 may also include an input device
732. In one example, a user of computer system 700 may
enter commands and/or other information into computer sys-
tem 700 via input device 732. Examples of an input device
732 include, but are not limited to, an alpha-numeric input
device (e.g., a keyboard), a pointing device, a joystick, a
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gamepad, an audio input device (e.g., a microphone, a voice
response system, etc.), a cursor control device (e.g., a mouse),
atouchpad, an optical scanner, a video capture device (e.g., a
still camera, a video camera), touchscreen, and any combina-
tions thereof. Input device 732 may be interfaced to bus 712
via any of a variety of interfaces (not shown) including, but
not limited to, a serial interface, a parallel interface, a game
port, a USB interface, a FIREWIRE interface, a direct inter-
face to bus 712, and any combinations thereof. Input device
732 may include a touch screen interface that may be a part of
or separate from display 736, discussed further below. Input
device 732 may be utilized as a user selection device for
selecting one or more graphical representations in a graphical
interface as described above.

A user may also input commands and/or other information
to computer system 700 via storage device 724 (e.g., a remov-
able disk drive, a flash drive, etc.) and/or network interface
device 740. A network interface device, such as network
interface device 740 may be utilized for connecting computer
system 700 to one or more of a variety of networks, such as
network 744, and one or more remote devices 748 connected
thereto. Examples of a network interface device include, but
are not limited to, a network interface card (e.g., a mobile
network interface card, a LAN card), a modem, and any
combination thereof. Examples of a network include, but are
not limited to, a wide area network (e.g., the Internet, an
enterprise network), a local area network (e.g., a network
associated with an office, a building, a campus or other rela-
tively small geographic space), a telephone network, a data
network associated with a telephone/voice provider (e.g., a
mobile communications provider data and/or voice network),
a direct connection between two computing devices, and any
combinations thereof. A network, such as network 744, may
employ a wired and/or a wireless mode of communication. In
general, any network topology may be used. Information
(e.g., data, software 720, etc.) may be communicated to and/
or from computer system 700 via network interface device
740.

Computer system 700 may further include a video display
adapter 752 for communicating a displayable image to a
display device, such as display device 736. Examples of a
display device include, but are not limited to, a liquid crystal
display (LCD), a cathode ray tube (CRT), a plasma display, a
light emitting diode (LED) display, and any combinations
thereof. In addition to a display device, a computer system
700 may include one or more other peripheral output devices
including, but not limited to, an audio speaker, a printer, and
any combinations thereof. Such peripheral output devices
may be connected to bus 712 via a peripheral interface 756.
Examples of a peripheral interface include, but are not limited
1o, a serial port, a USB connection, a FIREWIRE connection,
a parallel connection, and any combinations thereof.

Exemplary embodiments have been disclosed above and
illustrated in the accompanying drawings. It will be under-
stood by those skilled in the art that various changes, omis-
sions and additions may be made to that which is specifically
disclosed herein without departing from the spirit and scope
of the present invention.

What is claimed is:

1. A method of matching first features of first image data
with second features of second image data, comprising:

receiving, by a feature-matching system, the first image

data;

applying, by the feature-matching system, a discrete trans-

form to a region of the first image data containing the
first features so as to generate a first set of transform
coefficients;
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executing, by the feature-matching system, a local binary
pattern (LLBP) encoding algorithm to encode the first set
of transform coefficients into a set of first encoded data
streams;
converting, by the feature-matching system, each of the
first encoded data streams into a decimal number so as to
create a first decimal-number representation of the
region of the first image data; and

executing, by the feature-matching system, a matching

algorithm for determining a match as a function of the
first decimal number representation and a second deci-
mal representation of a region of the second image data
containing the second features.

2. A method according to claim 1, further comprising:

receiving, by the feature-matching system, the second

image data;

applying, by the feature-matching system, the discrete

transform to the region of the second image data con-
taining the second features so as to generate a second set
of transform coefficients;

executing, by the feature-matching system, the LBP

encoding algorithm to encode the second set of trans-
form coefficients into a set of second encoded data
streams; and

converting, by the feature-matching system, each of the

second encoded data streams into a decimal number so
as to create the second decimal-number representation
of'the second image data.

3. A method according to claim 1, wherein said executing
an LBP encoding algorithm includes executing an L.BP algo-
rithm using ordering determined as a function of a fitness
function derived by permutating generations of possible
ordering schemes.

4. A method according to claim 3, wherein said executing
an LBP encoding algorithm includes executing an LBP
encoding algorithm implementing a non-central thresholding
center.

5. A method according to claim 3, wherein said executing
an LBP encoding algorithm includes executing an L.BP algo-
rithm that selects active neighbors according to a selection
scheme that considers angle and/or radius.

6. A method according to claim 3, wherein said executing
an LBP encoding algorithm includes executing an L.BP algo-
rithm using, for decimal conversion, a base other than base 2.

7. A method according to claim 6, wherein said using a base
other than base 2 includes using a fractional base.

8. A method according to claim 1, wherein said applying a
discrete transform includes applying a Walsh-Hadamard
transform.

9. A method according to claim 1, wherein said applying a
discrete transform includes applying a discrete cosine trans-
form.

10. A method according to claim 1, wherein said applying
a discrete transform includes applying a discrete Fourier
transform.

11. A method according to claim 1, wherein said applying
a discrete transform includes applying a discrete Hartley
transform.

12. A non-transitory machine-readable storage medium
containing machine-executable instructions for performing a
method of matching first features of first image data with
second features of second image data, said machine-execut-
able instructions comprising:

a first set of machine-executable instructions for receiving

the first image data;
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a second set of machine-executable instructions for apply-
ing a discrete transform to a region of the first image data
containing the first features so as to generate a first set of
transform coefficients;

athird set of machine-executable instructions for executing
a local binary pattern (LBP) encoding algorithm to
encode the first set of transform coefficients into a set of
first encoded data streams;

a fourth set of machine-executable instructions for convert-
ing each of the first encoded data streams into a decimal
number so as to create a first decimal-number represen-
tation of the region of the first image data; and

a fifth set of machine-executable instructions for executing
amatching algorithm for determining a match as a func-
tion of the first decimal number representation and a
second decimal representation of a region of the second
image data containing the second features.

13. A non-transitory machine-readable storage medium

according to claim 12, further comprising:

a sixth set of machine-executable instructions for receiving
the second image data;

a seventh set of machine-executable instructions for apply-
ing the discrete transform to the region of the second
image data containing the second features so as to gen-
erate a second set of transform coefficients;

an eighth set of machine-executable instructions for
executing the LBP encoding algorithm to encode the
second set of transform coefficients into a set of second
encoded data streams; and

a ninth set of machine-executable instructions for convert-
ing each of the second encoded data streams into a
decimal number so as to create the second decimal-
number representation of the second image data.

14. A non-transitory machine-readable storage medium
according to claim 12, wherein said third set of machine-
executable instructions includes machine-executable instruc-
tions for executing an LPB algorithm using ordering deter-
mined as a function of a fitness function derived by
permutating generations of possible ordering schemes.

15. A non-transitory machine-readable storage medium
according to claim 14, wherein said third set of machine-
executable instructions includes machine-executable instruc-
tions for executing an LBP encoding algorithm implementing
a non-central thresholding center.

16. A non-transitory machine-readable storage medium
according to claim 14, wherein said third set of machine-
executable instructions includes machine-executable instruc-
tions for executing an LBP algorithm that selects active
neighbors according to a selection scheme that considers
angle and/or radius.

17. A non-transitory machine-readable storage medium
according to claim 14, wherein said third set of machine-
executable instructions includes machine-executable instruc-
tions for executing an L.BP algorithm using, for decimal con-
version, a base other than base 2.

18. A non-transitory machine-readable storage medium
according to claim 17, wherein said third set of machine-
executable instructions includes machine-executable instruc-
tions for executing an L.BP algorithm using a fractional base.

19. A non-transitory machine-readable storage medium
according to claim 12, wherein said second set of machine-
executable instructions includes machine-executable instruc-
tions for applying a Walsh-Hadamard transform.

20. A non-transitory machine-readable storage medium
according to claim 12, wherein said second set of machine-
executable instructions includes machine-executable instruc-
tions for applying a discrete cosine transform.



US 9,171,226 B2
17

21. A non-transitory machine-readable storage medium
according to claim 12, wherein said second set of machine-
executable instructions includes machine-executable instruc-
tions for applying a discrete Fourier transform.

22. A non-transitory machine-readable storage medium 5
according to claim 12, wherein said second set of machine-
executable instructions includes machine-executable instruc-
tions for applying a discrete Hartley transform.

#* #* #* #* #*

18



